We retrospectively evaluated left atrial (LA) strain and strain rate (SR) before and after undersized mitral ring annuloplasty (UMRA) for chronic ischaemic mitral regurgitation (CIMR) with two-dimensional speckle-tracking echocardiography.
Introduction
Chronic ischaemic mitral regurgitation (CIMR) is a functional insufficiency of the mitral valve (MV) which commonly complicates myocardial infarction (MI) and severely affects cardiovascular mortality and morbidity. 1 Several studies have provided a great amount of insight into the mechanisms of CIMR. 2 Increased tethering forces (papillary muscles displacement leading to a more apical position of the leaflets and their coaptation point) and reduced closing forces [reduced contractility, † The two first authors equally contributed to the article. dyssynchrony of the papillary muscles, intra-left ventricular (LV) dyssynchrony] appear to be the basic mechanisms for CIMR. Annular dilatation and LV dysfunction probably contribute to the development of MR in the presence of augmented tethering. 3, 4 Transthoracic and transoesophageal echocardiography have emerged as a fundamental tool in evaluating the mitral deformation, and global and regional left-ventricular remodelling. 5 However, an increasing amount of research has been focused mainly on defining more precisely the annular, sub-annular, and ventricular changes occurring in CIMR to direct surgical strategy more effectively. 6, 7 In contrast, left atrial (LA) function has been poorly investigated 8 and there is no information about changes in LA function before and after the MV repair for CIMR. Two-dimensional speckle-tracking echocardiography (2D-STE) is a non-Doppler-based method originally employed to assess LV strain in standard B-mode echocardiography. 9, 10 More recently, this technique has been proposed as a method for the quantification of the LA myocardial deformation 8 and it has been demonstrated to assess accurately the atrial function during the different phases of the cardiac cycle.
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The aim of this study was to investigate the LA strain and strain rate (SR) by 2D-STE before and after MV the repair in patients with CIMR. We also tested the ability of LA echocardiographic indices to predict MR recurrence in patients with CIMR undergoing mitral repair.
Methods Subjects
We retrospectively evaluated 249 consecutive patients with CIMR undergoing combined coronary artery bypass grafting (CABG) and MV repair at the University Hospital of Maastricht (Maastricht, The Netherlands) between January 2001 and January 2011.
Inclusion criteria were 7 : (i) mild-to-severe MR with prior myocardial infarction .16 days; (ii) 75% or greater stenosis of at least one coronary vessel; (iii) a corresponding regional wall motion abnormality; and (iv) restricted-motion type leaflet dysfunction with or without annular dilatation. Exclusion criteria were: (i) persistent/residual MR (MR≥2+ at discharge); (ii) degenerative or other non-ischaemic aetiology; (iii) acute ischaemic mitral regurgitation; (iv) additional MV repair procedures; (v) other valvular or congenital heart diseases; (vi) severe tricuspid regurgitation; (vii) previous cardiac surgery/percutaneous transluminal coronary angioplasty; and (viii) atrial fibrillation.
Patients were also excluded in case of echocardiograms not available/incomplete or images not appropriate for the 2D-STE analysis. Ninety-five patients surviving surgery met all the inclusion criteria and represented our study population. Twenty healthy subjects were controls. Based on the recurrence of mitral regurgitation (MR) at the follow-up (MR ≥2+ in patients with no/trivial MR at discharge), the patients were divided into two groups: patients with (group MR+, n ¼ 30) or without (group MR2, n ¼ 65) recurrent MR. Twenty age-and gender-matched healthy adults were controls. Patient characteristics are shown in Table 1 . No differences were found in baseline characteristics between the two groups. Compared with the MR2 group, the MR+ group had a higher postoperative New York Heart Association class and showed a trend towards a higher preoperative MR grade.
Clinical follow-up information was obtained from all survivors through outpatient visits and phone calls and was 100% complete. The median follow-up was 41.5 months [interquartile range (IQR) 23 -61] .
Ethical Committee approval was waived due to the retrospective analysis of the study according to the national law regulating observational retrospective studies (Dutch WMO law). However, all patients gave their informed consent to access their data for scientific purposes.
Surgery
All patients underwent associated CABG. For the purpose of this study, complete revascularization was accomplished when at least one graft was placed distal to an 50% diameter narrowing in each of the three major vascular systems in which arterial narrowing of this severity was noted in a vessel of 1.5 mm or greater of diameter. It was not considered necessary to bypass all obstructed diagonal branches of the anterior descending or marginal branches of the circumflex coronary arteries for a classification of complete revascularization. Following this definition, 100% of patients underwent complete revascularization. The ring size was determined by means of standard measurements of the intertrigonal distance and anterior leaflet height. A downsizing by two ring sizes was performed in all patients. After cardiopulmonary bypass, transoesophageal echocardiographic analysis was performed to assess residual MR.
Echocardiography
Transthoracic echocardiography was performed within a week before surgery and at follow-up appointments. Exams were carried out using a commercially available ultrasound system (IE 33, Philips Medical System, Amsterdam, The Netherlands). Images were stored in DICOM format and transferred to a workstation for further offline analysis (TOMTEC Imaging System, Unterschleißheim, Germany). Measurements and calculations were made separately by one of the investigators (F.L.). The reliability of echocardiographic measurements was assessed by calculating the intra-observer intervals of agreement of the main direct measures used in this study in 20 subjects randomly chosen from among the study patients (Appendix 1).
Mitral regurgitation and LV remodelling
The following quantitative measurements were simultaneously used to grade the severity of MR: (i) pulsed Doppler quantitative flow methods and (ii) proximal isovelocity surface area (PISA). When the evidence from different parameters was congruent, the measurements were averaged, allowing the calculation of effective regurgitant orifice area (EROA), regurgitant volume (RV), and regurgitant fraction (RF). 12 When different parameters were contradictory, PISA was chosen in case of a central jet or in the presence of a calcific MV or mitral annulus, whereas pulsed-wave Doppler was preferred when the jet was eccentric or multiple. 12 Mitral valve configuration was assessed in mid-systole using the parasternal long-axis and four-chamber views. The tenting area (TA), coaptation height (CH), coaptation length (CL), and coaptation distance (CD) were measured as previously reported. 7 Left ventricular (LV) volumes and LV ejection fraction were assessed using the biapical Simpson disk method and indexed to body surface area (BSA). 13 Sphericity indexes were obtained at end-diastole and end-systole (SID and SIS, respectively) as the volume of the LV Atrial strain ischaemic mitral regurgitation divided by the volume of a sphere with a diameter equal to the longest axis of the LV measured in the apical view. 14 The wall motion score index (WMSI) was calculated according to a 17-segment model. 15 
Diastolic function and tissue Doppler imaging
To assess the diastolic function, pulsed-wave Doppler of the MV was performed by placing the Doppler sample volume between the tips of the mitral leaflets. The early (E) and late (A) peak diastolic velocities and E-wave deceleration time (DT) were measured. 16 The isovolumic relaxation time (IVRT) was obtained by continuous wave Doppler by placing the cursor in the LV outflow tract to simultaneously display the end of aortic ejection and the onset of mitral inflow. area -length method, from the apical four-and two-chamber views. Left atrial volumes were indexed to BSA as reccommended. 19 Left atrial ejection fraction (LAEF) was calculated as LA contractile volume/LAV p , and expressed as a percentage.
Two-dimensional speckle-tracking echocardiography
Longitudinal LA strain was computed by speckle-tracking echocardiography (2D cardiac performance analysis; Tom Tec Imaging Systems, Munich, Germany). Eleven global strain curves were obtained using apical four-chamber and two-chamber views: basal septal, mid-septal, apical septal, basal lateral, mid-lateral, apical lateral, basal anterior, mid-anterior, apical anterior, basal inferior, midinferior, and apical inferior. Global LA peak systolic strain (1) was measured during LV ejection ( Figure 1A) . Peak strain rate (SR P ) was measured during LV ejection (LA reservoir phase), whereas peak early diastolic strain rate (SR E ) was measured during LV early diastole (LA conduit phase) and peak negative strain rate (SR A ) was measured during LV diastole occurring after the P-wave (active contraction phase, Figure 1B ). Deformation parameters were also normalized to relative volumes to correct for the volume dependency of the deformation.
Statistical analysis
Data were analysed with the use of statistical software (SPSS for Windows, version 12.0; SPSS Inc., Chicago, IL, USA). Normality of continuous data was analysed with the Kolmogorov -Smirnov test.
Variables were expressed as mean + SD, median and interquartile range, or number of patients (percentage) as appropriate. For within-group comparisons before and after annuloplasty, the paired t-test or the Wilcoxon signed rank test were used. Between-group differences were assessed by the unpaired t-test, Mann-Whitney U-test, or Pearson x 2 test. Spearman rank correlation was employed to test the correlation between variables. The Benjamini and Hochberg step-up false discovery rate (FDR) 20 control correction for multiple testing was applied to the P-values in the analysis. Univariable regression was carried out with postoperative regurgitant volume as dependent variable and preoperative LA echocardiographic parameters [left atrial diameter (LAD), LAV max , LAV p , LAV min , LA RES , LA P-EMPT , LA CONTR , LAEF, 1, SR P , SR E , and SR A ] as independent variables. Variables reaching statistical significance or borderline (P ≤ 0.1) were introduced in multivariable analysis. Multivariable logistic regression with the forward stepwise method was performed to identify co-factors associated to significant postrepair MR. The goodness of fit of the final logistic regression models was assessed with the Hosmer -Lemeshow (H-M) statistic and the predictive accuracy was assessed by the concordance index (c). Optimal cut-off values were determined by receiver operating characteristic (ROC) curve as the rounding cut-off that gives the maximum sum of sensitivity and specificity. This value should be the shoulders at the top left of the ROC curve. Results were validated using the bootstrap method (1000 iterations).
To test whether the predictive value of LA parameters were independent of diastolic function, a sub-group analysis was carried out based on DT (≤142/.142 ms) which was found to be a strong predictor of recurrent MR in our previous study. 21 We tested for interactions by entering interaction terms between each LA parameter and DT with an interaction P , 0.10 considered statistically significant.
Results

Mitral regurgitation and LV remodelling
Patients in the MR+ group had the baseline larger LV volumes (both, P , 0.001) and a more spherical ventricle (P , 0.001, Table 2 ). At the follow-up, in patients in the MR2 group, ESVI decreased significantly (P , 0.001) while in the MR+ group, it increased compared with the baseline value without reaching the statistical significance (P ¼ 0.7). Changes in EDVI and WMSI showed the same tendency for ESVI. Similarly, end-diastolic diameter (P , 0.001) and end-systolic diameter (P ¼ 0.004) decreased in MR2 patients, whereas did not change in the MR+ group (P ¼ 0.8 and P ¼ 0.7, respectively). Systolic and diastolic sphericity indexes were reduced significantly in the MR2 group (P ¼ 0.003 and P , 0.001,respectively), whereas these indexes increased, although not significantly, in patients with recurrent MR (both, P ¼ 0.4). At the baseline, there was no significant difference regarding quantitative MR data. In contrast, preoperative TA (P ¼ 0.02) and CH (P ¼ 0.01) were higher, whereas CL was lower (P ¼ 0.002) in patients with recurrent MR. In contrast, CD was comparable between groups (P ¼ 0.6). At the follow-up, in the MR2 group, TA (P , 0.001) and CH (P ¼ 0.01) were reduced, while CL (P , 0.001) increased significantly. These indices did not change in the MR+ group.
Diastolic function
In the MR+ group, diastolic dysfunction was mild (E/A , 0.8, DT . 200 ms, IVRT ≥ 100 ms) in 6 (20%) moderate [E/A , 0.8 -1.5 (decreasing by 50% during Valsalva manoeuvres), DT160-200 ms, IVRT 60-100 ms] in 16 (53.4%) and severe (E/ A≥2, DT , 160 ms, IVRT ≤ 60 ms) in 8 (26.6%) patients. In the MR2 group, these figures were 38 (58.5%), 15 (23.1%), and 5 (7.7%, P ¼ 0.002). In addition, in this group, 7 (10.7%) patients had no diastolic dysfunction. In the MR+ group, at the baseline, E/A (P ¼ 0.04 vs. controls, P , 0.001 vs. MR2), DT (P , 0.001 vs. controls, P , 0.001 vs. MR2), and IVRT (P ¼ 0.03 vs. controls, P ¼ 0.02 vs. MR2) were lower compared with controls and MR2 patients. None of these indices varied in the MR+ group at the follow-up. In contrast, in patients without recurrent MR, E/A (P , 0.001) was reduced while the other indices did not change (Figure 2A-C) .
LA function and 2D-STE analysis
An higher number of patients in the MR+ group experienced at least one episode of AF after surgery [52.9% (18/34) vs. 5.0% (6/118 ), P , 0.001].
Compared with controls, all static and dynamic atrial volumes were significantly higher in MR2 and significantly lower in MR+ patients ( Table 3) . At the follow-up, in patients without recurrent MR, all volumes were reduced and were not significantly different from controls. In contrast, for MR+ patients atrial volumes did not vary. Baseline LA EF was comparable between groups and not different from controls. At the follow-up, it did not change in both groups. In the MR+ group 1 (P , 0.001, normalized P ¼ 0.006), SR P (P ¼ 0.03, normalized P ¼ 0.04), SR E (P ¼ 0.03,normalized P ¼ 0.04), and SR A (P ¼ 0.003, normalized P ¼ 0.01) were lower ( Figures 3A and 4A) , while in MR2 patients 1 (P , 0.001 normalized P , 0.001), SR P (P , 0.001, normalized P , 0.001), SR E (P , 0.001, normalized P , 0.001), and SR A (P , 0.001, normalized P , 0.001) were higher ( Figures 3C and 4C ) than controls ( Figure 1A and B) . At the follow-up, none of these indices changed in the MR+ group ( Figures 3B and 4B) , while all returned to normal values in patients belonging to the MR2 group ( Figures 3D and 4D) .
Correlations between 2D-STE indices and other echocardiographic parameters
There was a strong correlation between and LAV RES and 1 (r ¼ 0.64, P ¼ 0.001, P FDR ¼ 0.002) and SR P (r ¼ 0.57, P ¼ 0.002, P FDR ¼ 0.003). Furthermore, we found a significant correlation between SR E and LAV P-EMPT (r ¼ 0.45, P ¼ 0.03, P FDR ¼ 0.033) and between SR A and LAV CONTR (r ¼ 0.40, P ¼ 0.03, P FDR ¼ 0.033). Also, we found a direct correlation between SR E and E (r ¼ 0.52, P ¼ 0.02, P FDR ¼ 0.029) and DT (r ¼ 0.50, P ¼ 0.02, P FDR ¼ 0.029). In addition, SR A showed a weak correlation with LAEF (r ¼ 0.25, P ¼ 0.3, P FDR ¼ 0.027). Finally, there was a strong correlation between both 1 and SR P with SR A [r ¼ 0.72, 
Co-factors of recurrent mitral regurgitation
Recurrent MR was positively correlated with 1 (P , 0.001), SR P (P , 0.001), and SR E (P , 0.001). There was no significant correlation between MR recurrence and other LA echocardiographic parameters.
Logistic regression analysis revealed that 1, SR P , and SR E (all, ,0.001) were co-factors associated with that of recurrent MR .The model proved to be reliable and accurate ( Table 4) .
At ROC analysis, an 1-value ≤25% predicted recurrence of MR with 92% sensitivity and 87% specificity [area under curve (AUC) 0.90 (95% CI: 0.8-0.98), P , 0.001]. SR P had 90% sensitivity and 82% specificity with an optimal cut-off of ≤1. Finally, there were no apparent significant interactions between DT and 1 (interaction P-value ¼ 0.21), SR P (interaction P-value ¼ 0.56), and SR E (interaction P-value ¼ 0.68).
Discussion
The main findings of our study can be summarized in the following.
First, the LA peak global strain 1 and SR P , which accurately reflect the LA reservoir function, 22 -24 were increased at baseline in MR2 patients, possibly due to a rise in atrial compliance and increased filling during the reservoir period (combined flow from pulmonary veins and from the mitral regurgitant jet). 25 After surgery, in these patients, the reduced preload after MV repair was responsible for the normalization of 1 and SR P . This was not observed in patients showing recurrent MR who showed an impairment of LA peak global strain and SR P at the baseline. At the follow-up, MR+ patients still had low LA peak global strain and peak SR and this might be explained by irreversible ultrastructural changes of the atrial wall occurring in these patients. 26 Second, compared with controls, baseline passive LV filling was increased in patients belonging to the MR2 group. This might be attributable to an increased atrioventricular gradient, decreased LV chamber stiffness, and increased recoil of the LA. 27 After repair, SR E was comparable with controls. In MR+ baseline, SR E was low and this might be explained by the higher levels of LV filling. Indeed, it has been demonstrated that the enhancement of conduit function may diminish with LV dysfunction 28 which, in this group, was also accompanied by a decreased E wave DT, consistent with the onset of increased LV stiffness. 29 This was also confirmed by the direct correlation between SR E and DT (P ¼ 0.02). Third, regarding the contraction phase, in the preoperative period patients in the MR2 group showed a higher SR A . Importantly, in this group, preoperative LAEF, which measures booster function, 30 was comparable with controls and this index showed a weak correlation with SR A (P ¼ 0.3). Fourth, the strong correlation between SR A and both 1 (P , 0.001) and SR P (P , 0.001) demonstrates the preload dependency LVEF, left ventricular ejection fraction; EDD, end-diastolic diameter; ESD, end-systolic diameter; ESVI, end-systolic volume index; EDVI, end-diastolic volume index; WMSI, wall motion score index; SI D , diastolic sphericity index; SI S , systolic sphericity index; MR, mitral regurgitation; ERO, effective regurgitant orifice; RF, regurgitant fraction; RV, regurgitant volume; TA, tenting area; CL, coaptation length; CD, coaptation distance; CH, coaptation height; * P ,0.05 vs. controls; **P , 0.05 vs. MR2 at baseline; ***P , 0.05 vs. MR2 at follow-up.
of the contractile phase SR A . 23 Indeed, after repair which reduces the preload, SR A returned to normal values in MR2 patients. Conversely, the strong reduction in SR A in patients with recurrent MR might be potentially attributable to the high filling pressure and, consequently, to the increased LA afterload resulting in an overwhelmed Frank -Starling mechanism. 23, 31 In the postoperative period, SR A did not improve in MR+ patients reflecting a persistent state of LV impairment. Fifth, interestingly, in our experience, although the degree of MR was not different in the two groups, confirming our previous experience, 32 LA volumes were higher in the MR2 group, whereas in MR+ groups were markedly lower. Although the exact mechanism remains to be elucidated, we might postulate that this discrepancy may be due to significant LA wall stiffness and impairment in LA compliance (reservoir function) estimated by global peak systolic strain 1 and peak systolic strain rate SR P in MR+ patients. However, whether it reflects irreversible histological changes in the left atrium and LA fibrosis will be the subject of ongoing research. After surgery, in accordance to Bax et al. 33 and Geidel et al., 34 we observed a significant reduction in static and dynamic volumes only in MR2 patients, whereas in the MR+ group they did not vary after surgery. This might further confirm irreversible chronic changes and ultrastuctural LA wall abnormalities in MR+. Finally, in our experience, 1, SR P , and SR E (all, P , 0.001) were multivariable cofactors associated to recurrent MR. In contrast, LA volumes resulted not to be significant. All these parameters resulted to be independent of DT which has been previously recognized a predictor of MR. 21 
Study limitations
Our study findings should be viewed in light of some inherent limitations.
First, data about survival and adverse cardiac events (MACE) were not provided since this was not the aim of the study. Hence, we cannot exclude that the observed strain differences and recurrence of MR might have clinical effect on survival as demonstrated by previous studies. 31 Furthermore, standard echocardiographic results shown in our previous article 32 were not presented in this study. Second, although 2D-STE has the advantage of being angle independent and to be affected less by reverberations, side lobes, and drop-out artefacts, it carries some intrinsic limitations such as strict frame rate dependency, and potential errors in epicardial/endocardial border tracing in subjects with suboptimal image quality. Although strain measurements in our study were carried out by an experienced echocardiographer specifically trained for this analysis, these limitations must be considered while examining our findings.
Third, we employed conventional indices of LV diastolic function. Tissue Doppler imaging would have been more useful in estimating LV diastolic function. Nonetheless, DT, although not load independent, is strongly related to pulmonary capillary wedge pressure and end-diastolic pressure and it is a useful parameter for the serial assessment of LV diastolic function in postinfarct patients, including those with MR. Moreover, of 249 patients, only 95 were included after the exclusion/inclusion criteria. Therefore, the population studied appears rather selective and may not represent the majority of real-life patients. This aspect must be taken into account when examining our results.
Fourth, we excluded patients with atrial fibrillation from this study. It may have been interesting to see how AF would have affected LA myocardial deformation and its correlation with LA structural changes. In addition, we have not assessed pulmonary venous inflow which could have provided more information on LA function. Moreover, it has been demonstrated that age influences LA deformation, 17 but our analysis did not take into consideration the influence of age on LA strain and SR. Fifth, we did not explore the influence of postoperative AF on MR and strain. We cannot exclude that these patients would probably have more MR, worse LVEF, and more severe diastolic dysfunction at the baseline, perhaps also more severe coronary heart disease or scarring after myocardial infarction.
Sixth, only patients who survived mitral ring annuloplasty were included in the study and there was a large variability in follow-up time. Indeed, after 10 years, there might be more MR recurrence as LVEF deteriorates in CABG patients, when compared with shorter follow-up.
Seventh, the timing after intervention for the control examination has a wide range and this should normally affect the relationship between recurrent MR and LA function. This aspect must be taken into consideration when examining our findings.
Finally, since LV volumes are higher in the MR+ group, we cannot exclude that the recurrence of MR may be just related to more advanced underlying myocardial disease and its progression. Hence, the LA strains might therefore just identify the more advanced disease and may not have any direct causal association with recurrence of MR.
Nonetheless, even with the above-mentioned limitations, to the best of our knowledge, this is the first study exploring LA strain and SR in CIMR patients before and after surgery.
Conclusions
In patients with recurrent MR, we observed an irreversible impairment of the LA reservoir due to reduced compliance. The filling and contraction phases did not improve after operation and this might be attributable to high LV filling pressure and increased afterload. Left atrial peak global strain, peak systolic SR, and peak early diastolic SR were cofactors associated to recurrent MR.
The assessment of LA strain and SR, in addition to other echocardiographic parameters, can be helpful in detecting patients undergoing undersized mitral ring annuloplasty who are unlikely to benefit from annuloplasty.
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